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Abstract. On account of its tectonic setting, both seismic
and volcanic events are frequent in the Azores archipelago.
During the historical period earthquakes and seismic swarms
of tectonic and/or volcanic origin have struck S. Miguel Is-
land causing a signiﬁcant number of casualties and severe
damages. The information present in historical records made
possible a new macroseismic analysis of these major events
using the European Macroseismic Scale-1998 (EMS-98).
Among the strongest earthquakes of tectonic origin that
affected S. Miguel Island, six events were selected for this
study. The isoseismal maps drawn for these events enabled
the identiﬁcation of areas characterized by anomalous values
of seismic intensity, either positive or negative, to constrain
epicentre locations and to identify some new seismogenic ar-
eas.
Regarding seismic activity associated with volcanic phe-
nomena six cases were also selected. For each of the studied
cases cumulative intensity values were assessed for each lo-
cality. The distribution of local intensity values shows that
the effects are not homogeneous within a certain distance
from the eruptive centre, the area of major impacts relates
with the eruptive style and damages equivalent to high inten-
sities may occur in Furnas and Sete Cidades calderas.
Combining all the historical macroseismic data, a maxi-
mum intensity map was produced for S. Miguel Island.
1 Introduction
The Azores archipelago is located in the North Atlantic
Ocean where the American, African and Eurasian litho-
spheric plates meet (e.g. Searle, 1980) (Fig. 1). The so-called
Azores Triple Junction is dominated by three main tectonic
features: the Mid-Atlantic Ridge (MAR), which crosses the
archipelago between the islands of Faial and Flores with a
general N–S direction (Krause and Watkins, 1970; Steinmetz
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et al., 1976); the East Azores Fracture Zone, which extends
E–W from the MAR to the Strait of Gibraltar (Krause, 1965),
including the Gloria Fault (Laughton and Whitmarsh, 1974);
and the Terceira Rift, which trends NW–SE along a line de-
ﬁned by Graciosa, Terceira and S. Miguel islands (Machado,
1959), that comprises, in a wide sense, the WNW–ESE frac-
ture systems of Faial, Pico and S. Jorge islands. While
the boundary between the American and the Eurasian and
African plates is well established by the MAR, the location
and nature of the eastern branch of the Azores Triple Junc-
tion is still controversial (e.g. Madeira and Ribeiro, 1990;
Lu´ ıs, 1996; Lourenc ¸o et al., 1998; Madeira, 1998; Miranda
et al., 1998).
S. Miguel Island is located in the eastern segment of the
Terceira Rift, showing a high diversity of volcanic and tec-
tonic structures that includes three active trachytic central
volcanoes with caldera (Sete Cidades, Fogo and Furnas) em-
placed in the intersection of the NW–SE to WNW–ESE re-
gional faults with an E–W deep fault system thought to be
a relic of a MAR transform fault (Queiroz, 1997) (Fig. 2).
N–S and NE–SW faults also occur in this context. Several
cinder cones alignments link those major volcanic structures
alongNW–SEtoWNW–ESEfractures. Theeasternmostpart
of the island comprises an inactive trachytic central volcano
(Povoac ¸˜ ao) and an old basaltic volcanic complex (Nordeste).
Strong earthquakes have struck S. Miguel Island several
times throughout more than ﬁve hundred years of history.
Using the available historical documents and previous stud-
ies we reassessed the seismic intensities for the major events
applying the European Macroseismic Scale-1998 (EMS-98).
This allowed the investigation of the existence and origin of
seismic intensity anomalies; relocate some of the proposed
epicentres, and to produce the maximum historical seismic
intensities map for the island.616 D. Silveira et al.: Reassessment of the historical seismic activity
 
 
 
 
 
 
 
 
 
Fig. 1 – Geographical location, tectonic setting and instrumental seismicity (1980-2001) of the Azores archipelago. Seismic 
data from SIVISA (2001). Bathymetry from Lourenço et al. (1998). Legend: MAR – Mid-Atlantic Ridge; EAFZ – East 
Azores Fracture Zone; TR – Terceira Rift; GF – Gloria Fault. 
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2 Historical data
Despite some uncertainties about its discovery, it is known
that the settlement of the Azores by the Portuguese started
in the 2nd quarter of the 15th century. Historical documents
reporting the natural hazards that have taken place in the
Azores are dispersed in several libraries and archives. The
ﬁrst step was the gathering of copies of all the available
historical documents, including individual chronicles, ofﬁ-
cial reports, newspaper accounts and press notes. Since the
time of the settlement until the middle of the 18th century,
the main sources of information were the chronicles writ-
ten by Azorean priests (e.g. Frutuoso, 1522–1591†; Cha-
gas, 1576–16??†; Monte Alverne, 1629–1726†; Cordeiro,
1641–1722†; Maldonado, 1644–1711†). Later on several au-
thors compiled short descriptions about seismic and volcanic
events, creating what can be considered as the earliest seis-
mic catalogues of the archipelago (Mendonc ¸a, 1758; Ara´ ujo,
1801; Webster, 1821; Abranches 1877; Canto, 1878–1888;
Bessone, 1932; Barata et al., 1989). After 1850 the main
sources used were local newspapers. Macroseismic data of
events that occurred in the 20th century as well as previous
works done by several authors were also used (e.g. Chaves,
1915; Agostinho, 1936, 1960; A.S.P., 1952; Dias, 1952; Fer-
reira, 1956; Silva, 1956; Costa Nunes et al., 1986; Cole et
al., 1995; Queiroz, 1997; Wallenstein et al., 1998; Guest et
al., 1999; Ferreira, 2000). The historical documents were or-
ganized and stored in a digital format to integrate the Azores
Seismological Data Base.
The information found in historical records was often
qualitative and sometimes misleading due to the use of dif-
ferent terms to characterise the same kind of effects as well
asarchaicexpressionsnolongerofcurrentuseinPortuguese.
Thus, a glossary was prepared in order to minimize misun-
derstandings. For some of the studied cases, the available
data didn’t allow to discriminate between damages produced
either by seismic ground shaking or phenomena such as vol-
canic tremor, volcanic explosions or landslides. This was
particularly true for the cases of the seismic swarms related
with volcanic activity.
3 Studied cases
Among the major tectonic earthquakes that affected
S. Miguel Island since its settlement, six events were selectedD. Silveira et al.: Reassessment of the historical seismic activity 617
Fig. 2. Morphological features of S. Miguel Island: 1 – Sete Cidades Volcano; 2 – Picos Volcanic System; 3 – Fogo Volcano; 4 – Furnas
Volcano; 5 – Povoac ¸˜ ao Volcano; 6 – Nordeste Volcanic Complex. Localities: A – Candel` aria; B – Ginetes; C – Mosteiros; D – Santo Ant´ onio;
E – Ribeira Seca; F –Lomba de Santa B´ arbara; G – Salga; H – Lomba da Fazenda; G – Ribeira do Guilherme; J – Lomba do Louc ¸˜ ao; K –
Lomba do Cavaleiro; L – Ribeira Quente; M – Ponta Garc ¸a; N – Santa Cruz; UTM coordinates).
for this study: 22 October 1522, 26 July 1591, 16 April 1852,
5 August 1932, 27 April 1935 and 26 June 1952 (Table 1).
The damages caused by the seismic swarms associated with
the volcanic eruptions of Fogo Volcano and Pico Queimado
in 1563, Furnas Volcano in 1630, Pico do Paio in 1652, the
1811 submarine eruptions and the seismic swarms of 1713
and 1810 were also appraised (Table 2).
Intensities were assessed using the European Macroseis-
mic Scale-1998 (EMS-98) (Gr¨ unthal, 1998). Although no
extensive research has been carried out concerning the char-
acterizationofthebuildingtypes, weassumedthatthetypical
and most frequent ediﬁces in the island should be assigned to
vulnerability class A. Notwithstanding the fact that a small
percentage of buildings of vulnerability class B and C also
existed in the centre of main villages, the available data did
not allow to discriminate their number and in what extent
these buildings were affected.
The number of data points obtained for each event varies
widely (Table 3). For some localities the intensities were as-
sessed with a certain degree of uncertainty (e.g. V–VI mean-
ing that intensity was V or VI). Another problem that arises
from the historical sources is the fact that the described ef-
fects sometimes refer to a certain part of the island but with
no particular reference to a deﬁnite locality (e.g. “in the east-
ern part of the island”). This is particularly true for the
1522 earthquake, where few local intensity data points were
assessed although some general intensity information could
be used for other parts of the island. Also the persistent
lower or higher intensities associated with a certain local-
ity were used as criteria to identify it as a possible anoma-
lous area. All data was stored in a Geographic Informa-
tion System (GIS) and the respective isoseismal maps were
drawn (Fig. 3). Concerning the seismic swarms related with
volcanic phenomena, the assessed intensity values for each
episode reﬂect the cumulative effects observed in a certain
period of time (Fig. 4).
4 Discussion
The isoseismal maps drawn for the studied earthquakes
clearly show important seismic anomalies, some of which
can be traced for more than one event.
Furnas and Sete Cidades calderas systematically present
lower intensities than the ones expected (e.g. 1852, 1932,
1935 and 1952). Dias (1952) and Machado (1966) also iden-
tiﬁed these anomalies, which were interpreted as being re-
lated to the presence of shallow magma reservoirs (Machado,
1966). Results arisen from this work are in agreement with
this interpretation.618 D. Silveira et al.: Reassessment of the historical seismic activity
Table 1. Earthquakes selected as study cases
Date Time I max Victims Effects
(EMS-98)
22 Oct. 1522 Two hours X >∼ 3000 deaths • Countless landslides occurred, mainly in the central and
before dawn (up to 5000) eastern part of the island. A huge landslide developed on a
hillside near Vila Franca do Campo which buried the village
a few minutes after the main shock, demolishing the houses
that were still standing, and killing most of its inhabitants.
Aftershocks also triggered landslides and debris ﬂows.
26 July 1591 Unknown VIII–IX “many” deaths • Landslides occurred.
• A new water spring ﬂowed for four days.
16 April 1852 ∼ 22 : 10 VIII 9 deaths • Landslides occurred, mainly on the slopes of Sete Cidades
(local time) Several people volcano, along the northeast coast sea cliffs.
seriously injuried • The earthquake was felt on board of two ships, one of them
sailing NW from S. Miguel and the other SW from
Ponta Delgada.
5 Aug. 1932 19:24 (GMT) VIII No casualties • More than 3000 homeless people.
Several people • Landslides occurred at Lomba do Louc ¸˜ ao and along the
injuried sea cliffs near Ponta Garc ¸a and Ribeira Quente.
27 April 1935 17:04 IX 1 death • Landslides occurred at Lomba do Louc ¸˜ ao and along the
(local time) sea cliffs near Ponta Garc ¸a and Ribeira Quente.
• The earthquake was felt on board of a ship sailing a
few miles south of Povoac ¸˜ ao.
26 June 1952 15:33 (GMT) VIII No casualties • More than 600 homeless people.
One child injuried Several landslides were triggered at the sea cliffs near
Ponta Garc ¸a and Ribeira Quente and at Lomba do Cavaleiro.
Other common negative intensity anomalies correspond
to the Povoac ¸˜ ao and Ribeira Grande villages (e.g. 1522,
1932 and 1935). The existence of less vulnerable buildings
(class B) in these areas might have contributed to the ob-
servedlowseismicintensityvalues. However, itisalsopossi-
ble that some geological site effects played an important role
in these cases. This is the interpretation for the lower inten-
sity values normally observed in the Picos Volcanic System
(e.g. 1932), essentially built by basaltic lava ﬂows sequences.
Positive seismic intensity anomalies were also identiﬁed.
Santo Ant´ onio, Lomba do Cavaleiro and Salga frequently
show higher destruction levels than the surrounding areas
(e.g. 1932 and 1935). Its location along prominent ridges
suggests the inﬂuence of topographic effects. At Lomba de
Santa B´ arbara and Lomba da Fazenda the origin of the seis-
mic anomalies is less clear, being the latest eventually related
with the presence of the Ribeira do Guilherme well-deﬁned
NE–SW fault.
The analysis of the macroseismic data for the major tec-
tonic earthquakes enabled new interpretations about their
epicentral locations. The 1522 event is assumed to have oc-
curred on land, NE of Vila Franca do Campo, in one of the
main tectonic lines that crosses S. Miguel Island, where the
most important landslides were triggered. Additionally, the
distribution pattern of some low seismic intensity anomalies
in the vicinity of Sete Cidades and/or Furnas volcanoes al-
lowed constraining the epicentral locations of the 1852, 1932
and 1935 earthquakes.
Concerning the seismic swarms associated with volcanic
phenomena, it is clear that the distribution of local intensity
values is not homogeneous within a certain distance from the
eruptive centre (e.g. 1563 and 1652). The level of damages
is strongly related with the eruptive style.
Cumulative effects equivalent to high intensities occurred
in Furnas and Sete Cidades calderas where negative seismic
anomalies were identiﬁed in relation to earthquakes of tec-
tonic origin (e.g. 1630 and 1810). This different behaviour
may be due to shallower events and/or the proximity of the
epicentral areas.
Merging the data from both tectonic and volcanic events,
a maximum historical seismic intensity map was produced
for S. Miguel Island (Fig. 5). As it can be seen, the ob-
tained result is strongly controlled by the isoseismal lines
of the 1522 tectonic earthquake, being the maximum inten-
sity X zone centred in the Fogo Volcano area, with a gen-
eral NW–SE distribution trend. The intensity IX zone inD. Silveira et al.: Reassessment of the historical seismic activity 619
Table 2. Seismic swarms selected as study cases. Intensities reﬂect cumulative effects for the period presented in the ﬁrst column
Period Volcanic phenomena Imax Victims Effects
(EMS-98)
22 June Explosive trachytic subplinian 1 death • Severe destruction in the eastern part of the
to eruption in Fogo caldera and a X Few people island due to pyroclastic fall deposits.
4 July 1563 hawaiian eruption on the NW injuried • Severe damages in Ribeira Grande and Ribeira
ﬂank of Fogo volcano (Pico Seca due to ground shaking.
Queimado) • NW–SE surface rupture observed
2 Sept. Explosive trachytic subplinian ∼ 200 deaths • Most victims killed by surges, few died due to
to eruption in Furnas caldera and VIII house collapse.
8 Sept. 1630 dome growth in the latter erup- • Severe destruction in Furnas, Ponta Garc ¸a
tive phases and Ribeira Quente.
• Landslides occurred in Ribeira Quente.
10 Oct. Eruption in Pico do Paio (Picos VIII No casualties • Volcanic ashes fell on the south coast
to Volcanic System) and extrusion • Tens of houses collapsed in Santa Cruz, the
19 Oct. 1652 of three trachytic lava domes remaining were heavily damaged.
14 Nov. No volcanic phenomena observed, IX–X No casualties • Landslides and mudﬂows occurred on the slopes
to probable submarine eruption reported of Sete Cidades Volcano.
8 Dec. 1713 • General destruction in Mosteiros, Ginetes and
Candel´ aria.
17 June No volcanic phenomena observed, VIII No casualties • A surface rupture opened near Mosteiros exten-
to probable submarine eruption ding from the sea to the crater rim of Sete
24 June 1810 Cidades Volcano.
• Many houses heavily damaged in Mosteiros,
Ginetes and Candel´ aria.
13 June Surtseyan eruption off the NW IX No casualties • Landslides occurred on the northwest coast of the
to coast of S. Miguel on the ﬂank island.
22 June 1811 of Sete Cidades volcano • A new island was formed - Sabrina. Sea erosion
made it disappear in October of the same year.
• Many houses completely destructed in Mosteiros,
Ginetes and Candel´ aria.
Table 3. Data points assessed for each event as used for Fig. 3. Each data point represents one locality, for which several reports were
analysed
Date III IV V VI VII VIII VIII–IX IX X Total
22 Oct. 1522 1 1 2 2 6
26 July 1591 2 2
16 April 1852 1 3 8 21 5 38
5 Aug. 1932 2 8 11 10 7 3 41
27 April 1935 7 13 16 7 1 1 45
26 June 1952 1 5 12 4 1 23620 D. Silveira et al.: Reassessment of the historical seismic activity
 
 
  
 
 
 
 
 
Fig. 3 – Isoseismal maps drawn for the studied earthquakes: z - epicentre; black dots – urban areas; * - insufficient data to 
draw isoseismal lines, epicentre probably off the south coast of the island. 
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Fig. 3. Isoseismal maps drawn for the studied earthquakes: green dots - epicentres; black dots - urban areas; * - insufﬁcient data to draw
isoseismal lines, epicentre probably off the south coast of the island.
the western part of the island is the result of the seismic ac-
tivity that accompanied the volcanic episodes offshore Sete
Cidades Volcano.
5 Conclusions
The study of historical documents related with the destruc-
tive earthquakes that have stricken S. Miguel Island revealed
to be an important tool for seismic risk assessment. New
insights about the epicentral location of major events con-
tributed to evaluate the active character of main tectonic lines
and highlight seismogenic areas not deﬁned yet by the short
time period of instrumental seismicity in the archipelago.
The results of macroseismic studies based on historical
records are useful as a ﬁrst approach to set guidelines for the
development of future works. This is the case for the identi-
ﬁed seismic intensity anomalous areas, where further studies
should be carried out in order to verify their origin and dis-
cuss their implications in risk analysis. The studied cases
can also be used as possible scenarios to model the impact
of future events and set up emergency and land use planning
measures.
This kind of study should be extended to all the islands
of the archipelago to complement the instrumental seismic
data information. Tectonic, paleoseismological and geologi-
cal surveys should be carried out to identify ﬁeld evidences
of fault movements related with the studied historical earth-
quakes.D. Silveira et al.: Reassessment of the historical seismic activity 621
 
 
 
 
 
 
 
 
 
 
Fig. 4 – Local intensity maps for the studied seismic swarms. For some localities the intensities were assessed with a certain 
degree of uncertainty (e.g. III-IV meaning that intensity was III or IV). cc - eruptive centres; black dots – urban areas. 
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Fig. 4. Local intensity maps for the studied seismic swarms. For some localities the intensities were assessed with a certain degree of
uncertainty (e.g. III–IV meaning that intensity was III or IV). 4N – eruptive centres; black dots - urban areas.
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5 - Maximum historical intensity map of S. Miguel island using the EMS-98 (black dots – urban areas). 
 
 
 
 
Fig. 5. Maximum historical intensity map of S. Miguel Island using the EMS-98 (black dots – urban areas).622 D. Silveira et al.: Reassessment of the historical seismic activity
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